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CHAPTER 1 

INTRODUCTION 

 Since the discovery and isolation of graphene in 2004, interest has risen greatly in 

two-dimensional nanomaterials.
1,2,3

 Two-dimensional materials such as graphene have 

been shown to possess electrical and magnetic properties unique to their class.
4,5,6,7,8

 

These types of properties on such a small scale are essential for the production of 

nanoscale electronics, the next generation of computing and electronic devices. The 

separation or exfoliation of individual 2-D sheets from a parent multilayer structure is 

one method that has been used to prepare suspensions or single layers of 2-D 

nanoparticles with unique properties different from those of the parent structure.
9,10,11

 

Exfoliation is a convenient method of nanosheet production because it enables the rapid 

production of substantial quantities of the single layer structures from the more easily 

obtained parent structure. New types of two-dimensional materials produced in this 

manner are currently sought after to explore the various properties they may exhibit. 

 Metal cyanide-bridged frameworks such as the pigment Prussian blue have been 

used in the past for various applications,
12

 but more recently such frameworks have been 

used as polymerization catalysts.
13,14

 Another class of metal cyanide-bridged frameworks 

is the Hofmann-type clathrates, which have been studied at length in past for their unique 

structural properties.
15,16

 These compounds are composed of two-dimensional networks
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 of square planar nickel atoms linked via cyanide bridges to another metal that forms 

octahedral coordination with the four bridging cyanide ligands and two molecules on 

either side of the sheet, usually amines. In addition, aromatic interlayer molecules usually 

occupy space between the layers in a Hofmann-type clathrate. The structures studied and 

reported here are similar to these clathrates, with the exception that the usual amines and 

aromatic compounds are not present. Previously, structural studies have been carried out 

on three similar compounds; Ni(H2O)2Ni(CN)4∙4H2O, Co(H2O)2Ni(CN)4∙4H2O and 

Cd(H2O)2Ni(CN)4∙4H2O.
17,18,19

 The single crystal X-ray diffraction studies reported here 

correspond to an iron(II) variant of these structures and a partially dehydrated iron(II) 

variant with empirical formulas of Fe(H2O)2Ni(CN)4∙4H2O and Fe(H2O)2Ni(CN)4∙H2O, 

respectively. Another crystallographic study of Cd(H2O)2Ni(CN)4∙4H2O is also 

presented. In general, a structure of this type with varying octahedrally coordinated 

metals will be referred to as M(H2O)2Ni(CN)4∙4H2O, where M can refer to various 

transition metals. In addition to the single crystal x-ray diffraction studies, powder X-ray 

diffraction studies have been carried out on compounds where M is Mn, Fe, Co, Cd, Ni, 

or Zn, all in the +2 valence state.  

Previously, calculations have been carried out by Dr. Byounghak Lee and Craig 

Higgins of Texas State University–San Marcos to predict the electronic and magnetic 

properties of a dehydrated monolayer of this type of compound with the empirical 

formula MNi(CN)4.
20

 The predictions showed that these compounds may possess unusual 

magnetic and conductor properties and that the properties can be altered depending on the 

type of metal placed in the M position. At the time, when these calculations were carried 
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out, no method had been developed to isolate the single molecular layers for which the 

DFT calculations had been performed. 

 The second portion of this study reports on a novel method of separation of 

individual nanosheets from the parent multilayer structure. Recently, work has been 

carried out using Langmuir-Blodgett techniques to create single two-dimensional layers 

of Fe
3+

-Ni
2+

 square grid cyanide networks at the air-water interface and measure the 

magnetic properties of such a monolayer.
21,22,23

 This monolayer requires a ligand on the 

Fe
3+

 atom to balance the charge and induce the hydrophobic properties required for the 

technique. No method has ever been previously reported to separate a single nanosheet of 

a ligand-free, dehydrated M
2+

-Ni
2+

 cyanide-bridged network from its parent structure. It 

has been shown previously that dodecyl pyrrolidone (DDP) will substitute for interlayer 

water molecules in montmorillonite,
24

 and this type of phenomenon also occurs in other 

sheet-like multilayer structures.
25,26

 In this study, a novel method is presented in which 

replacement of dodecyl pyrrolidone (DDP) for the interlayer water molecules has been 

utilized to push apart and completely exfoliate individual nanosheets of various 

MNi(CN)4 compounds. Powder X-ray diffraction studies monitor the expansion of the 

layers as the interlayer molecules change. Scanning electron microscopy (SEM) and 

atomic force microscopy (AFM) have been utilized to verify the morphology and 

thickness of these exfoliated single layers.
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CHAPTER 2 

EXPERIMENTAL METHODS 

2.1 Synthesis and Crystal Growth 

 

 Two methods of synthesis were used to prepare the M(H2O)2Ni(CN)4∙4H2O 

compounds. Bulk material in powder form was prepared initially.  In a typical bulk 

precipitation, equimolar amounts of potassium tetracyanonickelate(II) hydrate (Aldrich) 

and a salt of the desired metal were added together into aqueous solution, with the solid 

metal salt added to an aqueous potassium tetracyanonickelate(II) hydrate solution. Upon 

addition, a fine precipitate was observed to form. The precipitate was then washed to 

remove any excess reactants. This washing was conducted by centrifugation using an 

Allegra® 6 Benchtop Centrifuge and decanting the supernatant liquid from the 

precipitated product three times. After each centrifugation, the supernatant liquid was 

decanted, and 200 mL of deionized water was added to the centrifuge bottle to dissolve 

remaining reactants. The resulting washed precipitated product was then placed under a 

stream of air at room temperature until dry. The product was determined to be dry when 

the product was a solid powder rather than a wet paste. The metal salts used in the 

preparation of these compounds were iron(II) ammonium sulfate hexahydrate (SchalAR 

Chemistry, reagent grade), anhydrous manganese(II) chloride (Alfa Aesar, 97%), cobalt 
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chloride hexahydrate (Sigma-Aldrich, 98%), nickel sulfate hexahydrate (Alfa Aesar, 

98%), cadmium(II) chloride hydrate (Alfa Aesar, 99%), and anhydrous zinc chloride 

(Spectrum, 97%). Dehydrated compounds were prepared by heating the original product 

to 180 °C in an oven for 24 hours in air. The dehydration temperature was determined by 

thermogravimetric analysis (TGA) on a TA Instruments Q50. The TGA data was 

acquired at a range of 35.00 °C to 250.00 °C at a temperature ramp of 10.00 °C/min in 

air.  

 Crystals of several M(H2O)2Ni(CN)4∙4H2O  compounds were grown by slow 

diffusion of reactants through a water bridge. An aqueous solution of each reactant of 

was placed in a test tube, one containing a salt of the desired metal and the other 

containing potassium tetracyanonickelate(II) hydrate (Aldrich). The two solutions were 

of equal molar concentration. The two tubes were then connected by a water bridge and 

sealed using rubber stoppers with holes for the water bridge. The tubes were then placed 

in an oven at 40 °C to encourage diffusion through the bridge. Crystal formation was 

observed after several weeks. An illustration of the apparatus is shown in Figure 1.  

  

Figure 1. Crystal growth apparatus. This illustrates 

the apparatus used to grow crystals for each 

compound. Each reactant slowly diffuses into the 

water bridge, forming crystals at the junction. 

Systems of this type were prepared for several different M metal types using varying 

concentrations of reactants. Tubes of three different concentrations for each metal type 
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were prepared to determine the effect of concentration on crystal growth. In general, the 

systems with higher concentration exhibited more prolific crystal growth, but the few 

crystals that did grow at lower concentrations were easier to isolate and were less 

crowded. Often, the crystals grown at higher concentration would grow closer together in 

clusters, proving separation difficult. The amounts of reactant used in each tube are given 

in Table 1. The mature crystals were gently rinsed with deionized water and kept in vials 

containing deionized water at room temperature to prevent dehydration and splitting.  

Table 1. Masses of reactants for crystal growth. The masses of reactants used in each 

system for crystal growth are given, along with the type of salt used for each 

variation. 

Compound Metal Salt Mass of Metal Salt (g) 
Mass of 

K2Ni(CN)4∙xH2O (g) 

Co(H2O)2Ni(CN)4∙4H2O CoCl2∙6H2O 

0.0987 0.1098 

0.0490 0.0566 

0.0244 0.0288 

Fe(H2O)2Ni(CN)4∙4H2O 

Fe(NH4)2(SO4)2∙6H2O 

(SchalAR Chemistry, 

reagent grade) 

0.1634 0.0999 

0.0814 0.0505 

0.0410 0.0252 

Zn(H2O)2Ni(CN)4∙4H2O ZnCl2 

0.1141 0.1972 

0.0523 0.1025 

0.0343 0.0553 

Mn(H2O)2Ni(CN)4∙4H2O 
MnCl2 

(Alfa Aesar, 97%) 

0.1113 0.1984 

0.0602 0.1035 

0.0258 0.0530 

Cd(H2O)2Ni(CN)4∙4H2O CdCl2 

0.1522 0.1997 

0.0678 0.0950 

0.0448 0.0582 

 

2.2 Wide Angle X-ray Diffraction 

 

 All wide angle X-ray diffraction measurements were carried out using a Bruker 

D8 Focus diffractometer using a Cu Kα radiation source. The powder products 

synthesized via the bulk precipitation method were used for powder XRD.  
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2.3 Single Crystal X-ray Diffraction 

 

 Single crystal X-ray diffraction data were collected using a Rigaku Mercury275R 

CCD (SCX Mini) diffractometer using graphite monochromated Mo-Kα radiation. 

Crystallographic equipment was acquired through the support of the National Science 

Foundation (CHE-0821254). Crystals of Fe(H2O)2Ni(CN)4∙4H2O and 

Cd(H2O)2Ni(CN)4∙4H2O were grown using the tube system previously described. The 

best quality crystal was chosen for each compound. The Fe(H2O)2Ni(CN)4∙4H2O crystal 

was mounted on a fiber, and data were collected at a temperature of 20.0 °C. The 

Cd(H2O)2Ni(CN)4∙4H2O crystal was mounted on a fiber, and data were collected at -50.0 

°C under a stream of nitrogen. To collect data for Fe(H2O)2Ni(CN)4∙H2O, a high quality 

Fe(H2O)2Ni(CN)4∙4H2O crystal was placed in a capillary tube and heated to 50 °C for 24 

hours. The capillary tube was then sealed, and data were collected at a temperature of 

20.0 °C. Single crystal X-ray diffraction data of a fully dehydrated crystal could not be 

obtained. Most of the crystals fell apart upon dehydration, and the successfully mounted 

crystals had a high degree of disorder and were not suitable for single crystal X-ray 

crystallography. 

 

2.4 Data Collection and Reduction for Fe(H2O)2Ni(CN)4∙4H2O 

 

 The data were collected to a maximum 2 value of 55.0o. A total of 540 

oscillation images were collected. A sweep of data was done using  scans from -120.0 

to 60.0o in 1.0o step, at =54.0o and  = 0.0o. The exposure rate was 10.0 [sec./o]. The 

detector swing angle was -29.90o.  A second sweep was performed using  scans from -
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120.0 to 60.0o in 1.0o step, at =54.0o and  = 120.0o. The exposure rate was 10.0 

[sec./o]. The detector swing angle was -29.90o.  Another sweep was performed using  

scans from -120.0 to 60.0o in 1.0o step, at =54.0o and  = 240.0o. The exposure rate 

was 10.0 [sec./o]. The detector swing angle was -29.90o.  The crystal-to-detector distance 

was 51.00 mm. Readout was performed in the 0.146 mm pixel mode. 

 Of the 11906 reflections that were collected, 1465 were unique (Rint = 0.0240); 

equivalent reflections were merged. Data were collected and processed using 

CrystalClear (Rigaku).
27 

 The linear absorption coefficient, , for Mo-K radiation is 27.403 cm-1. An 

empirical absorption correction was applied which resulted in transmission factors 

ranging from 0.236 to 0.405. The data were corrected for Lorentz and polarization 

effects.  

 

2.5 Structure Solution and Refinement of Fe(H2O)2Ni(CN)4∙4H2O 

 

The structure was solved by heavy-atom Patterson methods
28

 and expanded using 

Fourier techniques. The non-hydrogen atoms were refined anisotropically. Some 

hydrogen atoms were located but were excluded from the final refinement due to 

uncertainty of their correct positions. The final cycle of full-matrix least-squares 

refinement on F was based on 1409 observed reflections (I > 2.00(I)) and 79 variable 

parameters and converged (largest parameter shift was 0.00 times its esd) with 

unweighted and weighted agreement factors of:  

R =  ||Fo| - |Fc|| /  |Fo| = 0.0285 
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Rw = [  w (|Fo| - |Fc|)2 /  w Fo2]1/2 = 0.0260  

 The standard deviation of an observation of unit weight was 0.95. A Robust-

resistant weighting scheme was used.
29

 Plots of  w (|Fo| - |Fc|)2 versus |Fo|, reflection 

order in data collection, sin / and various classes of indices showed no unusual trends.  

The maximum and minimum peaks on the final difference Fourier map corresponded to 

0.83 and -0.88 e-/Å3, respectively.  

 The following applies to the solution and refinement of Cd(H2O)2Ni(CN)4∙4H2O, 

Fe(H2O)2Ni(CN)4∙4H2O, and Fe(H2O)2Ni(CN)4∙H2O. Neutral atom scattering factors 

were taken from Cromer and Waber.
30

 Anomalous dispersion effects were included in 

Fcalc
31

; the values for f' and f" were those of Creagh and McAuley.
32

 The values for 

the mass attenuation coefficients are those of Creagh and Hubbell.
33

 All calculations were 

performed using the CrystalStructure
34,35

 crystallographic software package.  

 

2.6 Data Collection and Reduction for Fe(H2O)2Ni(CN)4∙H2O 

 

 The data were collected to a maximum 2 value of 54.9o. A total of 540 

oscillation images were collected. A sweep of data was done using  scans from -120.0 

to 60.0o in 1.0o step, at =54.0o and  = 0.0o. The exposure rate was 30.0 [sec./o]. The 

detector swing angle was -29.90o.  A second sweep was performed using  scans from -

120.0 to 60.0o in 1.0o step, at =54.0o and  = 120.0o. The exposure rate was 30.0 

[sec./o]. The detector swing angle was -29.90o.  Another sweep was performed using  

scans from -120.0 to 60.0o in 1.0o step, at =54.0o and  = 240.0o. The exposure rate 
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was 30.0 [sec./o]. The detector swing angle was -29.90o.  The crystal-to-detector distance 

was 51.00 mm. Readout was performed in the 0.146 mm pixel mode. 

 Of the 4510 reflections that were collected, 593 were unique (Rint = 0.0548); 

equivalent reflections were merged. Data were collected and processed using 

CrystalClear (Rigaku).
27

 

 The linear absorption coefficient, , for Mo-K radiation is 35.692 cm-1. An 

empirical absorption correction was applied which resulted in transmission factors 

ranging from 0.423 to 0.629. The data were corrected for Lorentz and polarization 

effects.  

 

2.7 Structure Solution and  Refinement of Fe(H2O)2Ni(CN)4∙H2O 

 

 The structure was solved by direct methods
28

 and expanded using Fourier 

techniques. The non-hydrogen atoms were refined anisotropically. Hydrogen atoms were 

not located. The final cycle of full-matrix least-squares refinement on F was based on 546 

observed reflections (I > 2.00(I)) and 37 variable parameters and converged (largest 

parameter shift was 0.00 times its esd) with unweighted and weighted agreement factors 

of:  

R =  ||Fo| - |Fc|| /  |Fo| = 0.0475  

Rw = [ w (|Fo| - |Fc|)2 /  w Fo2]1/2 = 0.0543  

 The standard deviation of an observation of unit weight was 1.08. A Robust-

resistant weighting scheme was used.
29

 Plots of  w (|Fo| - |Fc|)2 versus |Fo|, reflection 

order in data collection, sin / and various classes of indices showed no unusual trends.  
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The maximum and minimum peaks on the final difference Fourier map corresponded to 

1.37 and -1.40 e-/Å3, respectively.  

 

2.8 Data Collection and Reduction for Cd(H2O)2Ni(CN)4∙4H2O 

 

 The data were collected to a maximum 2θ value of 55.0o. A total of 540 

oscillation images were collected. A sweep of data was done using ω scans from -120.0 

to 60.0o in 1.0o step, at χ = 54.0o and ϕ = 0.0o. The exposure rate was 20.0 [sec./o]. The 

detector swing angle was -29.90o.  A second sweep was performed using ω scans from -

120.0 to 60.0o in 1.0o step, at χ = 54.0o and ϕ = 120.0o. The exposure rate was 20.0 

[sec./o]. The detector swing angle was -29.90o.  Another sweep was performed using ω 

scans from -120.0 to 60.0o in 1.0o step, at χ = 54.0o and ϕ = 240.0o. The exposure rate 

was 20.0 [sec./o]. The detector swing angle was -29.90o.  The crystal-to-detector distance 

was 51.00 mm. Readout was performed in the 0.146 mm pixel mode. 

 Of the 12625 reflections that were collected, 1554 were unique (Rint = 0.0240); 

equivalent reflections were merged. Data were collected and processed using 

CrystalClear (Rigaku).
27 

 The linear absorption coefficient, μ, for Mo-Kα radiation is 30.846 cm
-1

. An 

empirical absorption correction was applied which resulted in transmission factors 

ranging from 0.378 to 0.540. The data were corrected for Lorentz and polarization 

effects.  
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2.9 Structure Solution and Refinement of Cd(H2O)2Ni(CN)4∙4H2O 

 

The structure was solved by heavy-atom Patterson methods
28

 and expanded using 

Fourier techniques. The non-hydrogen atoms were refined anisotropically. Some 

hydrogen atoms were located but were excluded from the final refinement due to 

uncertainty of their correct positions. The final cycle of full-matrix least-squares 

refinement on F was based on 1554 observed reflections (I > 0.00s(I)) and 79 variable 

parameters and converged (largest parameter shift was 0.00 times its esd) with 

unweighted and weighted agreement factors of:  

R = S ||Fo| - |Fc|| / S |Fo| = 0.0398 

Rw = [Σ w (|Fo| - |Fc|)2 / Σ w Fo2]1/2 = 0.0256 

 The standard deviation of an observation of unit weight was 1.04. A Robust-

resistant weighting scheme was used.
29

 Plots of Σ w (|Fo| - |Fc|)2 versus |Fo|, reflection 

order in data collection, sin θ/λ, and various classes of indices showed no unusual trends.  

The maximum and minimum peaks on the final difference Fourier map corresponded to 

1.52 and -1.82 e-/Å3, respectively.  

 

2.10 Separation of Individual Layers to Form Nanosheets 

 

A process was developed to intercalate with dodecyl pyrrolidone (DDP), 

exfoliate, and isolate individual sheets consisting of a single molecular layer. DDP was 

used to replace the interlayer water molecules and expand the distance between layers. 

The DDP was manufactured by International Specialty Products, Inc. under the trade 

name Surfadone® LP-300. An intercalated product was prepared first to demonstrate that 
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intercalation can occur in these compounds. The powder Fe(H2O)2Ni(CN)4∙4H2O product 

was placed in a vial, and DDP was added until the powder was saturated with the liquid 

to obtain a paste. The vial was then heated to 175 °C and held at that temperature for one 

hour. After sitting in air for 24 hours, any excess DDP was wiped away from the brown 

paste.  

To separate individual sheets, suspensions exfoliated in DDP were prepared using 

crystals prepared via the tube system described previously. Multiple crystals of the same 

type, ranging in size from about 0.2 mm to 0.8 mm, were placed into a vial containing 5 

mL of DDP and heated in an oven to a temperature of 175 °C. As the temperature 

approached 175 °C, the crystals were observed to be expanding, and then falling apart in 

sheet-like pieces. After allowing the contents of the vial to cool to room temperature, the 

DDP suspension was sonicated using an ultrasonic horn. The suspension was sonicated 

for two 30 second intervals, allowing the suspension to cool to room temperature between 

intervals. This process was carried out for compounds with Co
2+

, Fe
2+

, and Mn
2+

 in the M 

position. 

 

2.11 Scanning Electron Microscopy and Atomic Force Microscopy 

 

 Samples were prepared for both SEM and AFM. Using the DDP suspensions 

prepared from exfoliated single crystals, nanosheets were deposited onto different 

substrates. AFM images were collected on a mica substrate, and SEM images were 

collected on a silicon substrate. Both substrates were cut to 1 cm by 1 cm squares before 

deposition. First, the DDP suspensions were sonicated for five seconds to ensure uniform 

dispersion. A small droplet of the suspension was placed onto the desired substrate then 
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heated to 180 °C under vacuum. This temperature was held for one hour to drive off any 

remaining DDP. All samples were heated to 180 °C and placed in a desiccator to ensure 

dehydration of the nanosheets prior to imaging. SEM imaging was performed using a 

Helios NanoLab 400 from FEI Company. SEM equipment was acquired through the 

support of the National Science Foundation (Award #0923509). AFM imaging was 

performed using a Veeco Dimension 3100 microscope in tapping mode using Veeco 

ULNC-AUHW type “B” cantilevers.  
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CHAPTER 3 

RESULTS AND DISCUSSION 

3.1 Refinement Results for Fe(H2O)2Ni(CN)4∙4H2O 

 

The crystalline Fe(H2O)2Ni(CN)4∙4H2O structure was found to be in the 

orthorhombic Pnma space group. The unit cell parameters are a = 12.0962(7) Å, b = 

14.0037(8) Å, and c = 7.2250(4) Å. A list of the structural refinement and data collection 

parameters for Fe(H2O)2Ni(CN)4∙4H2O are shown in Table 2. Hydrogen atoms were 

excluded from the final refinement due to the uncertainty of their positions. A list of 

selected bond lengths is given in Table 3.

 

Table 2. Crystal data and structure refinement details for 

Fe(H2O)2Ni(CN)4∙4H2O. 

Empirical Formula C4H12FeN4NiO6 

Formula Weight 326.71 

Crystal Color, Habit colorless, prism 

Temperature 20.0°C 

Crystal Dimensions 0.79 X 0.45 X 0.33 mm 

Crystal System Orthorhombic 

Lattice Type Primitive 

Lattice Parameters a =  12.0962(7) Å 

 

b =  14.0037(8) Å 

 

c =   7.2250(4) Å 

 

V = 1223.86(12) Å
3
 

Space Group Pnma (#62) 

Z value 4 
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Table 2-Continued  

Dcalc 1.773 g/cm
3
 

F(000) 664 

μ(MoKα) 27.403 cm
-1

 

Reflections Collected 11906 

Independent Reflections 1465 (Rint = 0.0240) 

Observations (I>2.00σ(I)) 1409 

Variables 79 

Reflection/Parameter Ratio 17.84 

Refinement Method Full-matrix least-squares on F 

Function Minimized Σ w (|Fo| - |Fc|)
2
 

Least Squares Weights Chebychev polynomial with 3 parameters 

 
3.6881, 0.7577, 2.4643 

2θmax cutoff 55.0° 

Anomalous Dispersion All non-hydrogen atoms 

Residuals: R (I>2.00σ(I)) 0.0285 

Residuals: wR (I>2.00σ(I)) 0.0260 

Goodness of Fit Indicator 0.955 

Max Shift/Error in Final Cycle 0.000 

Maximum peak in Final Diff. Map 0.83 e-/Å
3
 

Minimum peak in Final Diff. Map -0.88 e-/Å
3
 

 

Table 3. Selected bond lengths 

for Fe(H2O)2Ni(CN)4∙4H2O. 

Atom 1 Atom 2 Distance (Å) 

Ni(1) C(1) 1.8627(11) 

Ni(1) C(2) 1.8609(11) 

Fe(1) O(1) 2.1561(9) 

Fe(1) N(1) 2.1386(11) 

Fe(1) N(2) 2.1432(11) 

N(1) C(1) 1.1464(16) 

N(2) C(2) 1.1502(16) 

 

 

3.2 Refinement Results for Fe(H2O)2Ni(CN)4∙H2O 

 

The crystalline Fe(H2O)2Ni(CN)4∙H2O structure was found to be in the 

orthorhombic Imma space group. The unit cell parameters are a = 7.2153(10) Å, b = 



17 

 

 

 

14.3801(18) Å, and c = 8.9471(12) Å. A list of the structural refinement and data 

collection parameters for Fe(H2O)2Ni(CN)4∙H2O are shown in Table 4.  

Table 4. Crystal data and structure refinement details for 

Fe(H2O)2Ni(CN)4∙H2O 

Empirical Formula C4H6FeN4NiO3 

Formula Weight 272.66 

Crystal Color, Habit colorless, prism 

Temperature 20.0°C 

Crystal Dimensions 0.27 X 0.22 X 0.13 mm 

Crystal System Orthorhombic 

Lattice Type I-centered 

Lattice Parameters a =   7.2153(10) Å 

 
b =  14.3801(18) Å 

 
c =   8.9471(12) Å 

 
V = 928.3(2) Å

3
 

Space Group Imma (#74) 

Z value 4 

Dcalc 1.951 g/cm
3
 

F(000) 544 

μ(MoKα) 35.692 cm
-1

 

Reflections Collected 4510 

Independent Reflections 593 (Rint = 0.0548) 

Observations (I>2.00σ(I)) 546 

Variables 37 

Reflection/Parameter Ratio 14.76 

Refinement Full-matrix least-squares on F 

Function Minimized Σ w (|Fo| - |Fc|)
2 

 

Least Squares Weights Chebychev polynomial with 3 parameters 

 
6.2750,0.8991,4.6084 

2θmax cutoff 54.9° 

Anomalous Dispersion All non-hydrogen atoms 

Residuals: R (I>2.00σ(I)) 0.0475 

Residuals: wR (I>2.00σ(I)) 0.0543 

Goodness of Fit Indicator 1.083 

Max Shift/Error in Final Cycle 0.000 

Maximum peak in Final Diff. Map 1.37 e-/Å
3
 

Minimum peak in Final Diff. Map -1.40 e-/Å
3
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The hydrogen atoms could not be located from the difference map. A list of selected bond 

lengths is given in Table 5. 

Table 5. Selected bond lengths 

for Fe(H2O)2Ni(CN)4∙H2O. 

Atom 1 Atom 2 Distance (Å) 

Ni(1) C(1) 1.861(3) 

Fe(1) N(1) 2.128(3) 

Fe(1) O(1) 2.196(5) 

N(1) C(1) 1.150(5) 

 

 

3.3 Refinement Results for Cd(H2O)2Ni(CN)4∙4H2O 

 

The crystalline Cd(H2O)2Ni(CN)4∙4H2O structure was found to be in the 

orthorhombic Pnma space group. The unit cell parameters are a = 12.3358(12) Å, b = 

14.2754(14) Å, and c = 7.4275(7) Å. As one might expect, the unit cell for the reported 

Cd(H2O)2Ni(CN)4∙4H2O variation is slightly larger than that of the iron(II) compound 

due to the larger radius of the Cd
2+

 ion. A list of the structural refinement and data 

collection parameters for Cd(H2O)2Ni(CN)4∙4H2O are shown in Table 6. The hydrogen 

atoms were excluded from the final refinement due to the uncertainty of their positions. A 

list of selected bond lengths is given in Table 7. 

Table 6. Crystal data and structure refinement details for 

Cd(H2O)2Ni(CN)4∙4H2O. 

Empirical Formula C4H12CdN4NiO6 

Formula Weight 383.27 

Crystal Color, Habit colorless, prism 

Temperature -50.0°C 

Crystal Dimensions 0.49 X 0.33 X 0.20 mm 

Crystal System Orthorhombic 

Lattice Type Primitive 

Lattice Parameters a =  12.3358(12) Å 

 

b =  14.2754(14) Å 

 

c =   7.4275(7) Å 
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Table 6-Continued  

 

V = 1308.0(2) Å
3
 

Space Group Pnma (#62) 

Z value 4 

Dcalc 1.946 g/cm
3
 

F(000) 752 

μ(MoKα) 30.846 cm
-1

 

Reflections Collected 12625 

Independent Reflections 1554 (Rint = 0.0240) 

Observations 1554 

Variables 79 

Reflection/Parameter Ratio 19.67 

Refinement Full-matrix least-squares on F 

Function Minimized Σ w (|Fo| - |Fc|)
2
 

Least Squares Weights Chebychev polynomial with 3 parameters 

 

2.0010 ,0.5080, 0.1345 

2θmax cutoff 55.0° 

Anomalous Dispersion All non-hydrogen atoms 

Residuals: R (I>2.00σ(I)) 0.0398 

Residuals: R (All reflections) 0.0412 

Residuals: wR (All reflections) 0.0256 

Goodness of Fit Indicator 1.042 

Max Shift/Error in Final Cycle 0.000 

Maximum peak in Final Diff. Map 1.52 e-/Å
3
 

Minimum peak in Final Diff. Map -1.82 e-/Å
3
 

 

Table 7. Selected bond lengths 

for Cd(H2O)2Ni(CN)4∙4H2O. 

Atom 1 Atom 2 Distance (Å) 

Cd(1) O(1) 2.3626(19) 

Cd(1) N(1) 2.281(2) 

Cd(1) N(2) 2.280(2) 

Ni(1) C(1) 1.855(2) 

Ni(1) C(2) 1.864(2) 

N(1) C(1) 1.147(3) 

N(2) C(2) 1.143(3) 
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3.4 Structural Description 

 

 The structures of both Fe(H2O)2Ni(CN)4∙4H2O and Cd(H2O)2Ni(CN)4∙4H2O were 

found to consist of two-dimensional sheets with a network a hydrogen-bonded water 

molecules between the layers. From the similarities between this structure and that of the 

previously reported Co(H2O)2Ni(CN)4∙4H2O and Cd(H2O)2Ni(CN)4∙4H2O structures, the 

hydrogen atoms are most likely oriented in the same manner as those reported by Niu, et 

al and Ham, et al, in which the water molecules hydrogen bond in a distorted hexagonal 

structure between layers.
18,19

 This supposition is made based on the fact that the 

previously reported structures are isostructural to the structures reported in this study. 

The d
8
 nickel(II) coordinates with the carbon side of four cyanide ligands in a low-spin 

square planar configuration. One of the water molecules is very weakly bound to the Ni
2+

 

center. Both the cadmium(II) and iron(II) metals in each variant were found to coordinate 

with the nitrogen of four cyanide ligands in a plane with one water molecule on either 

side of the sheet to form octahedral coordination. The Cd∙∙∙O distance was 2.3626(19) Å, 

and the Fe∙∙∙O distance was 2.1561(9) Å. A ball and stick projection of 

Fe(H2O)2Ni(CN)4∙4H2O down the c-axis is shown in Figure 2A, and a projection of the 

compound showing the square planar and octahedral coordination is shown in Figure 2B. 

Two similar images are shown for Cd(H2O)2Ni(CN)4∙4H2O in Figures 3A and 3B.  
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Figure 2. Projections of Fe(H2O)2Ni(CN)4∙4H2O. A (A) ball and stick projection of 

Fe(H2O)2Ni(CN)4∙4H2O down the c-axis is shown along with a (B) representation of the 

octahedral and square planar coordination down the same axis. The unit cell is denoted 

by the black lines around the structures.  

 

 

Figure 3. Projections of Cd(H2O)2Ni(CN)4∙4H2O. A (A) ball and stick projection of 

Cd(H2O)2Ni(CN)4∙4H2O down the c-axis is shown along with a (B) representation of the 

octahedral and square planar coordination down the same axis. The unit cell is denoted 

by the black lines around the structures.  

 The structure of Fe(H2O)2Ni(CN)4∙H2O consists of a two-dimensional sheet 

framework similar to that of Fe(H2O)2Ni(CN)4∙4H2O. One difference in the trihydrate 

structure is the alignment of the sheet curvature to one another. In the fully hydrated 
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structure, the curvature of a sheet mimics that of the sheet above and below it. In the 

trihydrate, the curvature of a sheet is opposite that of the sheets above and below as a 

result of removal of three of the interlayer water molecules. In the trihydrate, two of the 

water molecules are coordinated to the Fe
2+

 atoms with an Fe∙∙∙O distance of 2.196(5) Å, 

and the remaining water is weakly attracted to the Ni
2+

 atom with an Ni∙∙∙O distance of 

3.089(9) Å. This water molecule is also involved in hydrogen bonding, with the Fe
2+

 

coordinated water molecules on either side of it along the b-axis as H-donors (O∙∙∙O 

distance 2.9748(44) Å). A ball and stick projection of Fe(H2O)2Ni(CN)4∙H2O down the a-

axis is shown in Figure 4A, and a projection of the same compound showing the square 

planar and octahedral coordination is shown in Figure 4B. Thermogravimetric analysis of 

the fully hydrated iron compound, shown in Figure 5, reveals three regions of weight loss 

corresponding to the interlayer water molecules. The ratio of weight lost for the first, 

second and third regions is approximately 3:1:2, respectively. Based on the structure of 

Fe(H2O)2Ni(CN)4∙H2O, the first loss is that of the three water molecules held 

predominantly only by hydrogen bonding. The second loss is that of the single water 

molecule that is held both by hydrogen bonding and interaction with the Ni
2+

 center. This 

supports the fact that this water molecule interacts with the Ni
2+

 center. Had there been 

no interaction with the Ni
2+

 center, this water molecule would have left the interlayer 

with the first three water molecules, only showing two regions of water loss. The final 

loss corresponds to the two water molecules held most strongly in the structure by 

coordination with the Fe
2+

 center. 
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Figure 4. Projections of Fe(H2O)2Ni(CN)4∙H2O. A (A) ball and stick projection of 

Fe(H2O)2Ni(CN)4∙H2O down the a-axis is shown along with a (B) representation of the 

octahedral and square planar coordination down the same axis. The unit cell is denoted 

by the black lines around the structures.  

 

Figure 5. TGA of Fe(H2O)2Ni(CN)4∙4H2O. A TGA plot for Fe(H2O)2Ni(CN)4∙4H2O is 

shown with weight percent and derivative of weight percent loss curves. Three regions of 

loss can be seen, corresponding to the three states of hydration. 
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 These two-dimensional sheets have a slight curvature to accommodate the 

octahedral and interlayer water molecules. As can be seen in the partially dehydrated 

structure, Fe(H2O)2Ni(CN)4∙H2O, the angle of curvature begins to flatten as the interlayer 

water molecules are removed. Most likely, upon dehydration, the sheets may completely 

flatten as the strain is removed. Molecular modeling using the Universal force field 

module in Cerius
2
 by Accelrys®, Inc. was used to predict the structural nature of the 

completely dehydrated compound. First, to assess validity of the modeling conditions, a 

periodic model of the trihydrate structure was created by entering the fractional 

coordinates of the atoms found by single crystal X-ray diffraction into a unit cell using 

the Crystal Builder module in Cerius
2
. Hydrogen atoms were then manually added to the 

water molecules in the model structure. Charge calculation and minimization were then 

carried out on the periodic structure using the Universal force field module. A 

comparison of bond distances and angles from the single crystal X-ray diffraction 

refinement with those found by the trihydrate model in Cerius
2
 are shown in Tables 8 and 

9, respectively. 

Table 8. Comparison of experimental single crystal X-ray diffraction 

bond lengths with molecular modeling predicted bond lengths. 

Atom 1 Atom 2 
Experimental 

Bond Distance (Å) 

Predicted Bond 

Distance (Å) 
% Difference 

Ni(1) C(1) 1.8613 1.868 0.36 

N(1) C(1) 1.1505 1.159 0.74 

Fe(1) N(1) 2.1283 1.958 8.00 

Fe(1) O(1) 2.1965 1.872 14.77 

 

 All values were found to be in good agreement with the exception of the Fe
+2

 

coordination bond distances. The distances predicted by Cerius
2
 for the Fe

+2
 bonds were 

slightly smaller than those from the experimental single crystal data. Even with this 



25 

 

 

 

discrepancy, the curvature of the sheets remained very close to that found by the single 

crystal data. An image of the trihydrate model is shown in Figure 6. 

 

Table 9. Comparison of experimental single crystal X-ray diffraction 

bond angles with molecular modeling predicted bond angles. 

Atom 1 Atom 2 Atom 3 
Experimental 

Angle (°) 
Predicted 

Angle (°) 
% Difference 

O(1) Fe(1) N(1) 89.2612 88.8 0.52 

Ni(1) C(1) N(1) 176.13 177.2 0.61 

Fe(1) N(1) C(1) 174.33 176.2 1.07 

 

 

Figure 6. Molecular model of Fe(H2O)2Ni(CN)4∙H2O. 

To create the dehydrated model, an extended crystal cell of the trihydrate 

compound was created with three cell units in the a and b directions and one unit in the c 

direction to form a 3x3x1 structure which was three sheets thick. The water molecules 

were removed from the cell, and charge calculation and minimization were carried out. A 

representation of the resulting model is shown in Figure 7. The model predicts complete 

flattening of the sheets, as well as the decrease of interlayer spacing upon removal of the 

water molecules. 
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Figure 7. Molecular model of dehydrated FeNi(CN)4. The 

measurement shows the distance between three layers.  

 

3.5 Wide Angle X-Ray Diffraction Results and Discussion 

 

 Powder X-ray diffraction data were obtained for compounds with Mn
2+

, Fe
2+

, 

Co
2+

, Ni
2+

, Cd
2+

, and Zn
2+

 metals in the “M” position. The samples for powder diffraction 

were prepared via the bulk precipitation method. The powder diffraction patterns are 

shown in Figure 8. All of the compounds except for the Zn
2+

 variety occupied a similar 

unit cell with minor variations based on differing ionic radii of the “M” metals. Based on 

the similarities of the powder diffraction data of the Mn
2+

 and Ni
2+

 compounds with that 

of known Cd
2+

, Fe
2+

, and Co
2+

 compounds, along with supporting AFM and SEM 

evidence of sheet-like structures, it may be assumed that the Mn
2+

 and Ni
2+

 compounds 

are isostructural to the known compounds (hexahydrates) that were solved by single 

crystal XRD. The Zn
2+

 variety showed a very different pattern with features characteristic 

of a partially amorphous substance. This may indicate that the Zn
2+

 variety may possess 

greater disorder and possibly different morphology than the other compounds.  
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Figure 8. Wide angle XRD patterns for the hydrated compounds. Powder XRD 

patterns for each of the compounds of the general formula M(H2O)2Ni(CN)4∙4H2O, 

where M is (A) Zn
2+

, (B) Cd
2+

, (C) Ni
2+

, (D) Co
2+

, (E) Fe
2+

, and (F) Mn
2+

.  

 Powder X-ray diffraction was used to monitor the interlayer spacing as 

intercalation with DDP occurred and as dehydration progressed. A series of dehydrated, 

trihydrate, hexahydrate, and intercalated powder XRD patterns for FeNi(CN)4 are shown 

in Figure 9 with the peak corresponding to interlayer distance marked to show 

progression of expansion. In the fully hydrated structure, Figure 9B, the peak at 14.54 °2θ 

(6.089 Å) has Miller indices of 200, corresponding to half the distance of the a-axis in the 

unit cell. This corresponds to the average distance between two adjoining sheets and 

changes drastically as interlayer molecules are inserted or removed. In the trihydrate, 



28 

 

 

 

upon assignment of a new space group, one half distance of the unit cell c-axis now 

correlates to the distance between layers, as can be seen from the single crystal structure. 

Therefore, in Figure 9C, the peak at 19.82 °2θ (4.476 Å) with Miller indices of 002 

corresponds to the average distance between two adjoining sheets.  Upon partial 

dehydration to the trihydrate, the removal of water and partial collapse of the layers on 

themselves was evident as the d-spacing decreased to 4.476 Å, a decrease of 1.613 Å 

from the fully hydrated structure.  

Since the crystal structure could not be solved for the dehydrated FeNi(CN)4 

structure, molecular modeling was used to approximate the interlayer distance between 

two adjoining layers. Figure 4 shows a measurement of the distance between three sheets 

predicted in the model, 7.6312 Å. Dividing this number in half yields a value of 3.8156 

Å, which corresponds to the theoretical distance between two layers. Upon comparison of 

the theoretical value to the powder XRD pattern of the dehydrated structure in Figure 9D, 

the peak closest to the theoretical value at 23.30 °2θ (3.815 Å) has been marked to 

correspond with the interlayer d-spacing. Although the predicted value is very close to 

this peak, this assignment is not absolute as no empirically observed structural data are 

available for comparison with the powder XRD data for the dehydrated compound. 

Upon treatment of the bulk powder with DDP, significant increase in interlayer 

distance was observed. From molecular modeling using Cerius
2
 by Accelrys®, Inc. using 

the Compass force field module, the length of a DDP molecule from head to tail was 

determined to be about 17 Å. The peak at 4.43 °2θ in the intercalated pattern, Figure 9A, 

has a d-spacing of 19.938 Å, and corresponds to the interlayer distance between two 
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adjoining sheets. Because the second peak in this pattern at 8.84 °2θ has a d-spacing of 

9.992 Å, or about half the d-spacing of the first peak, it is most likely a 002 reflection 

from this structure. The d-spacing of the first peak implies that the layer has expanded by 

exactly one DDP molecule, as the distance of 19 Å corresponds to the length of one DDP 

molecule in addition to the DDP∙∙∙Fe bond length, which would be about 2 Å, for a total 

of 19 Å. The remaining distance of about 1 Å is most likely the distance between the tail 

of the DDP molecule and the next layer in the structure. Therefore, the intercalated 

structure most likely consists of two DDP molecules bonded to the Fe
2+

 in octahedral 

coordination on either side of the sheet, with the bond taking place on the O atom of the 

DDP molecule. The DDP tails are oriented perpendicular to the plane of the sheet, 

pointing directly toward the square hole of the opposing layer. Although it cannot be 

monitored by powder XRD, as the concentration of DDP increases to great excess, DDP 

molecules may orient between the layers tail-to-tail, then head-to-head in micelle-like 

formations, pushing the layers so far apart that the attraction between sheets may become 

negligible. Sonication provides the shear force necessary to encourage complete 

separation of individual sheets into a DDP suspension. This process allows individual 

nanosheets to be separated and deposited on a substrate as DDP is removed.  
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Figure 9. Wide angle XRD patterns showing interlayer expansion. The powder 

XRD pattern is shown for the (A) intercalated, (B) hexahydrate, (C) trihydrate, and 

(D) dehydrated FeNi(CN)4 compounds. The peak corresponding to the distance 

between two adjoining sheets is labeled with an arrow to monitor expansion of the 

interlayer d-spacing. 

 

3.6 AFM and SEM Morphological Studies of Individual Nanosheets 

 

 Morphological studies were carried out on selected compounds using atomic force 

microscopy (AFM) and scanning electron microscopy (SEM). All samples were heated to 

dehydration temperatures before imaging. Images obtained via SEM and AFM analysis 

revealed single nanosheets ranging in width from about 200 nm to 1.2 μm. A typical 

image of single MnNi(CN)4 nanosheets is shown in Figure 10A. A multilayered 
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CoNi(CN)4 structure can be seen next to a single sheet of about 200 nm in Figures 10C 

and 10D, respectively. Although a large number of single nanosheets were located, a 

small portion of unseparated multilayer structures were also found. The thickness of 

single sheets was found to be about 0.2 nm by AFM analysis. Figure 11A shows a cross-

sectional analysis of a single sheet of MnNi(CN)4, while Figure 11B presents a 3-D 

projection of the same image. This thickness corresponds to a single molecular layer, as 

can be seen from single crystal X-ray diffraction data from the parent 3-D structure. 

 

Figure 10. SEM images of nanosheets. An SEM image of (A) two similar single 

MnNi(CN)4 nanosheets is shown along with an image of (B) CoNi(CN)4 nanoparticles. 

The (C) large sheet in the middle is most likely a multilayer structure, while the (D) 

smaller triangular piece next to it is most likely a single molecular layer.  
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Figure 11. AFM analysis of MnNi(CN)4 nanosheet. A (A) cross-sectional analysis of an 

AFM image is shown for a single nanosheet of MnNi(CN)4 along with a (B) 3-D 

projection of the same nanosheet. The average height of the nanosheet is about 0.2 nm, 

and the width at its widest point is about 200 nm.
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CHAPTER 4 

CONCLUSION 

 Various M(H2O)2Ni(CN)4 compounds were characterized. The crystal structures 

of Fe(H2O)2Ni(CN)4∙4H2O, Fe(H2O)2Ni(CN)4∙H2O, and Cd(H2O)2Ni(CN)4∙4H2O were 

found to consist of two-dimensional sheets bound together by hydrogen-bonded and 

octahedrally coordinated water molecules. The Fe(H2O)2Ni(CN)4∙H2O structure is the 

product of loss of the water molecules only held in the structure by hydrogen bonding, 

and this finding was also consistent with TGA data. The trihydrate structure also revealed 

that the sheets flatten as the water molecules are removed. Although no crystal structure 

was solved for the completely dehydrated structure, molecular modeling reinforced the 

idea that the sheets completely flatten upon removal of water. A method was successfully 

developed to exfoliate individual nanosheets from the parent multilayer structures using 

DDP. The expansion of the layers was monitored by powder X-ray diffraction and found 

to be consistent with intercalation of DDP into the inner layer space. The separation of 

individual nanosheets was confirmed by AFM and SEM imaging.  

Currently, work is being conducted to obtain magnetic and electrical 

measurements on the exfoliated nanosheets for possible applications in nanoscale 

electronics. Future studies may be performed to enhance the quality of nanosheets 
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produced by this method. Variation of sonication conditions, heating times and 

temperature, substrate, and concentration may allow for better control of the end product. 

Control of nanosheet size and uniform dispersion on a substrate are goals for future 

study. The extent of exfoliation may also be increased by varying these types of factors. 
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